Introduction {#H1-1-ZOI190017}
============

The incidence of persistent postsurgical pain (PPSP) varies from 10% to 50%,^[@zoi190017r1]^ and 2% to 10% of patients report severe, chronic pain after surgery.^[@zoi190017r2]^ The severity and duration of postoperative pain are influenced by factors including preexisting pain.^[@zoi190017r3],[@zoi190017r4],[@zoi190017r5],[@zoi190017r6]^ In a meta-analysis of 29 993 patients who had undergone total knee arthroplasty exclusively examining preoperative risk factors, preoperative pain most commonly demonstrated a significant association with PPSP.^[@zoi190017r7]^ In contrast, research simultaneously examining preoperative and postoperative pain as risk factors reported that only acute postoperative pain in the first week after surgery is associated with PPSP among patients undergoing thoracotomy,^[@zoi190017r3]^ total knee arthroplasty,^[@zoi190017r8]^ and breast surgery.^[@zoi190017r9],[@zoi190017r10]^ In a large European acute postoperative pain registry, the percentage of time of severe pain on postoperative day (POD) 1 across 18 types of surgery was associated with an increased risk of PPSP.^[@zoi190017r11]^ Research is needed to determine which dimensions of acute postoperative pain best estimate the probability PPSP to guide clinical care. More patients experience pain and resulting impaired function after discharge. Early identification of high-risk patients would facilitate targeted referrals to specialists and resource-intensive interventions to prevent the development of PPSP.

The aim of this study was to conduct a secondary analysis of the Stanford Accelerated Recovery Trial (START),^[@zoi190017r12]^ a randomized clinical trial that assessed the effect of perioperative use of gabapentin on postoperative pain resolution and opioid cessation. We aimed to use data-mining algorithms to identify patient clusters based on the first 10 daily pain scores after surgery, explore psychosocial characteristics associated with each cluster, and determine which descriptor of the first 10 postoperative pain scores best estimates the probability of 3 outcomes: remote pain cessation, opioid cessation, and surgical recovery. We hypothesized that patient clusters predictive of poorer remote outcomes would be associated with preoperative psychosocial characteristics. We also hypothesized that high-risk patient clusters would be a superior predictor of outcomes over other acute pain descriptors.

Methods {#H1-2-ZOI190017}
=======

Data Source {#H2-1-ZOI190017}
-----------

This is a secondary analysis of the START,^[@zoi190017r12]^ a randomized, double-blind, placebo-controlled trial of perioperative use of gabapentin in a mixed surgical cohort of patients undergoing eligible operations (thoracotomy, video-assisted thoracoscopic surgery, primary or revision total hip replacement, primary or revision total knee replacement, unilateral or bilateral mastectomy, breast lumpectomy with or without sentinel node biopsy or axillary node dissection, hand surgery, carpal tunnel surgery, knee arthroscopy, shoulder arthroplasty, and shoulder arthroscopy) at a single-center, tertiary referral teaching hospital. A detailed description of the study protocol and trial methods has been published,^[@zoi190017r12]^ and a summary is provided in the eMethods 1 of the [Supplement](#note-ZOI190017-1-s){ref-type="supplementary-material"}. The eFigure in the [Supplement](#note-ZOI190017-1-s){ref-type="supplementary-material"} details participant enrollment, randomization, and follow-up. Participants were enrolled between May 25, 2010, and July 25, 2014. Data analysis for the present study was performed from January 1 to August 1, 2018. All aspects of the START protocol, as well as the present analysis, were approved by the Stanford University Institutional Review Board, and all patients provided written, informed consent. The participants did not receive financial compensation. This study followed the Consolidated Standards of Reporting Trials ([CONSORT](http://www.equator-network.org/reporting-guidelines/consort/)) reporting guideline.

Assessments {#H2-2-ZOI190017}
-----------

Participants completed a presurgical questionnaire packet that assessed demographics, as well as pain and opioid use with the Brief Pain Inventory.^[@zoi190017r13]^ Investigator-generated measures of self-reported likelihood of developing chronic pain after surgery (4 possible responses: not at all, unlikely, somewhat likely, very likely), self-perceived likelihood of chronic pain after injury (2 possible responses: more likely or less likely), self-perceived sensitivity to pain (3 possible responses: less than average, average, more than average), self-reported prolonged recovery times from past injuries (response to the question, "Have you had unexpectedly long recovery times from injuries in the past?"), and self-perceived likelihood of addiction to pain medication after surgery (not at all, unlikely, somewhat likely, very likely) were included.^[@zoi190017r14]^ The Opioid Risk Tool (range, 0-26: 0-3, low risk; 4-7, moderate risk; ≥8, high risk) was administered to identify patients at risk for opioid-related aberrant behaviors.^[@zoi190017r15]^ Additional assessments included the Marlow-Crowne Social Desirability Scale (range, 0-33: 0-8, low concern for social approval; 20-33, high concern for social approval),^[@zoi190017r16]^ Barratt Impulsivity Scale (range, 30-120; higher scores represent greater impulsiveness),^[@zoi190017r17]^ Posttraumatic Stress Disorder Checklist--Civilian Version (range, 17-85; higher scores represent more self-reported posttraumatic stress disorder symptoms),^[@zoi190017r18]^ State Anxiety Inventory (range,20-80; higher scores represent increasing state of anxiety-anxiety in response to a specific situation),^[@zoi190017r19]^ Trait Anxiety Inventory (range, 20-80; higher scores represent increasing trait anxiety-propensity to experience anxiety),^[@zoi190017r19]^ Beck Depression Inventory-II (range, 0-63; higher scores represent higher depressive symptoms: 0-13, minimal; 14-19, mild; 20-28 moderate; 29-63, severe),^[@zoi190017r20]^ and Euroqol Visual Analog Scale (range from 0-100 for self-assessment of health: 0, worst imaginable health state; 100, best imaginable health sate).^[@zoi190017r21]^

After discharge, a modified Brief Pain Inventory (eMethods 1 in the [Supplement](#note-ZOI190017-1-s){ref-type="supplementary-material"}) was administered over the phone to assess pain related to the surgical site, medication use, and pain interference. Specifically, patients reported 3 separate pain scores during each telephone call. Patients rated their average and worst pain intensity at the surgical site over the past 24 hours and current pain intensity at the surgical site at the time of assessment. Pain was rated on a 0 (no pain) to 10 (pain as bad as you can imagine) scale per the Numeric Pain Rating Scale. Calls occurred daily for the first 3 months, weekly thereafter up to 6 months, and monthly thereafter up to 2 years after surgery amounting to 19 511 distinct postoperative calls. Calls continued until patients reached pain cessation, opioid cessation, and full recovery up to 2 years after surgery.

Study Outcomes {#H2-3-ZOI190017}
--------------

Primary outcomes included time to pain resolution (5 consecutive reports of 0 of 10 average pain over the last 24 hours at the surgical site on the Numeric Pain Rating Scale), time to opioid cessation (5 consecutive reports of 0 opioid use over the past 24 hours), and patient-reported complete surgical recovery (responding yes to the question, "Would you say that you are fully recovered from your surgery?").

Statistical Analysis {#H2-4-ZOI190017}
--------------------

### Postoperative Acute Pain Cluster Analysis {#H3-1-ZOI190017}

Data-mining algorithms were applied using the R programming language, version 3.3 (R Foundation). Each patient reported 3 pain scores (average, current, worst) during each telephone call after surgery. Each category of pain scores (average, current, worst) during the first 10 postoperative days constituted an acute pain trajectory. Thus, each patient had 3 distinct trajectories representing the average, current, and worst reported pain scores. Trajectories within each pain score category were compared for similarity using the k-means clustering algorithm ([Figure 1](#zoi190017f1){ref-type="fig"}) to assign each patient's trajectory to a cluster. Patient trajectories were compared in the algorithm through Euclidean distance (the square root of the sum of each dimensional distance squared) between values at each point in time. Details of the method are described in eMethods 2 in the [Supplement](#note-ZOI190017-1-s){ref-type="supplementary-material"}. Clusters generated by the algorithm were evaluated for distinctness or separation using Calinski-Harabasz scores.^[@zoi190017r22]^

![Individual Acute Pain Trajectories Comparing the High vs Low Acute Pain Clusters\
Each line represents an individual patient's acute pain trajectory for the average (A), current (B), and worst (C) pain scores reported over the first 10 postoperative days, with the solid bold lines representing the overall cluster trajectory.](jamanetwopen-2-e190168-g001){#zoi190017f1}

### Cox Proportional Hazards Regression and Sensitivity Analyses {#H3-2-ZOI190017}

Subsequent statistical analyses were performed with SAS software, version 9.4 (SAS Institute Inc). The outcomes, time to pain resolution, opioid cessation, and complete surgical recovery were analyzed separately using Cox proportional hazards regression. Given the different underlying hazard rates attributed to different operations, all subsequent analyses were stratified by surgery type.^[@zoi190017r12]^ Fifteen acute pain descriptors, including the average, current, and worst acute pain clusters, mean and median of each set of pain scores over the first 10 postoperative days, and average, current, and worst pain scores reported on POD 10, were evaluated as predictors in univariate analyses of the outcomes. The linear slope of each acute pain trajectory and corresponding goodness-of-fit index (*r*^2^ value) was calculated for each patient and similarly evaluated as a predictor. Model efficiency was determined by goodness-of-fit indices, with lowest Akaike information criteria score indicating the model with the best fit.

### Modified Poisson Regression Analysis of the Highest-Risk Patient Cluster {#H3-3-ZOI190017}

Based on the sensitivity analyses, the highest-risk pain cluster was identified. Continuous variables were compared with 2-tailed, unpaired *t* tests, and categorical variables were compared with the χ^2^ tests between the high and low pain clusters of the average acute pain trajectory. Modified Poisson regression analysis was used to determine the preoperative psychosocial characteristics associated with the high pain cluster of the average acute pain trajectory.^[@zoi190017r23]^ This approach allows for estimation of relative risk and 95% CIs with use of robust error variances.^[@zoi190017r23]^ The risk of belonging to the high pain cluster of the average acute pain trajectory was compared with the low-pain cluster. Preoperative explanatory variables considered for inclusion in the model were those hypothesized to affect acute pain, including trial treatment group (gabapentin vs active placebo), sex, age, race/ethnicity, marital status, employment status, disability status, preoperative pain within and outside of the surgical site, author-generated assessments (likelihood of chronic postsurgical pain, chronic postinjury pain, and addiction; and history of prolonged recovery after previous injuries), current opioid use, history of alcohol or drug abuse treatment, and psychosocial assessments (Opioid Risk Tool,^[@zoi190017r15]^ Marlow-Crowne Social Desirability Scale,^[@zoi190017r16]^ Barratt Impulsivity Scale,^[@zoi190017r17]^ Posttraumatic Stress Disorder Checklist--Civilian Version,^[@zoi190017r18]^ State Anxiety Inventory,^[@zoi190017r19]^ Trait Anxiety Inventory,^[@zoi190017r19]^ Beck Depression Inventory-II,^[@zoi190017r20]^ and Euroqol Visual Analog Scale^[@zoi190017r21]^). Model building sensitivity analyses included examination of optimal model fit through automated forward, backward, stepwise, and lasso selection algorithms. Model efficiency was determined by goodness-of-fit indices. Specifically, the lowest Akaike information criterion score indicated the model with the best fit. Testing of collinearity or multicollinearity among predictors included collinearity diagnostics for all variables considered for inclusion in the model.

Results {#H1-3-ZOI190017}
=======

Sample Characteristics {#H2-5-ZOI190017}
----------------------

Of the 422 patients who underwent randomization, 410 patients received treatment, provided at least 1 day of follow-up data and were included in the primary START analysis. Thirty-nine patients (9.5%) were excluded from this study on the basis of incomplete pain trajectories (\>10% of postoperative pain scores missing from each trajectory). Imputation using last observation carried forward followed by next observation carried backward (for missing values at the beginning of the trajectory) were used to complete the pain trajectories for the remaining 371 patients (90.5%). Of these, 146 (39.4%) were men; mean (SD) age was 56.67 (11.70) years. [Table 1](#zoi190017t1){ref-type="table"} reports the preoperative baseline characteristics for participants in the high vs low pain clusters of the average pain trajectories. A total of 193 patients (52.0%) were partitioned into the low pain cluster and 178 individuals (48.0%) were partitioned into the high pain cluster. Overall, median (interquartile range \[IQR\]) pain duration in the high vs low pain cluster was 92.0 (50.0-234.0) vs 40.0 (16.0-82.0) days, opioid use was 39.0 (21.0-72.0) vs 12.0 (5.0-32.0) days, and time to patient-reported recovery was 89.0 (41.0-162.0) vs 49.0 (24.0-130.0) days.

###### Preoperative Baseline Characteristics of Patients According to Immediate Postoperative Pain Cluster of Average Pain Trajectories

  Preoperative Baseline Characteristic                                                                                                    No. (%)[^a^](#zoi190017t1n1){ref-type="table-fn"}   
  --------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------- -------------------
  Patients, No.                                                                                                                           193                                                 178
  Age, mean (SD), y                                                                                                                       55.8 (12.5)                                         57.6 (10.7)
  Men                                                                                                                                     82 (42.7)                                           64 (36.2)
  Marital status                                                                                                                                                                              
  Never married                                                                                                                           11 (6.0)                                            18 (10.5)
  Married                                                                                                                                 136 (73.5)                                          122 (71.4)
  Living with someone                                                                                                                     8 (4.3)                                             6 (3.5)
  Divorced or separated                                                                                                                   24 (13.0)                                           18 (10.5)
  Widowed                                                                                                                                 6 (3.2)                                             7 (4.1)
  Race                                                                                                                                                                                        
  American Indian/Alaska Native                                                                                                           10 (5.5)                                            4 (2.5)
  Asian/Pacific Islander                                                                                                                  17 (9.4)                                            7 (4.3)
  White                                                                                                                                   138 (76.2)                                          137 (84.6)
  African American                                                                                                                        8 (4.4)                                             8 (4.9)
  Other                                                                                                                                   8 (4.4)                                             6 (3.7)
  Ethnicity                                                                                                                                                                                   
  Hispanic or Latino                                                                                                                      14 (7.8)                                            13 (8.0)
  Disability claim[^b^](#zoi190017t1n2){ref-type="table-fn"}                                                                                                                                  
  Filed                                                                                                                                   63 (33.3)                                           78 (44.8)
  Pending                                                                                                                                 16 (8.8)                                            29 (17.6)
  Employment status                                                                                                                                                                           
  Full-time                                                                                                                               85 (45.7)                                           64 (37.9)
  Part-time                                                                                                                               17 (9.1)                                            18 (10.7)
  Unemployed                                                                                                                              35 (18.8)                                           38 (22.5)
  Retired                                                                                                                                 49 (26.3)                                           49 (29.0)
  Treatment group                                                                                                                                                                             
  Active placebo                                                                                                                          86 (44.6)                                           90 (50.6)
  Gabapentin                                                                                                                              107 (55.4)                                          88 (49.4)
  Surgery type[^c^](#zoi190017t1n3){ref-type="table-fn"}                                                                                                                                      
  Thoracotomy                                                                                                                             7 (3.6)                                             7 (3.9)
  Total knee replacement                                                                                                                  43 (22.3)                                           97 (54.5)
  Total hip replacement                                                                                                                   48 (24.9)                                           41 (23.0)
  Mastectomy                                                                                                                              25 (13.0)                                           16 (9.0)
  Lumpectomy                                                                                                                              27 (14.0)                                           2 (1.1)
  VATS                                                                                                                                    17 (8.8)                                            12 (6.7)
  Hand surgery                                                                                                                            15 (7.8)                                            2 (1.1)
  Carpal tunnel surgery                                                                                                                   2 (1.0)                                             1 (0.6)
  Knee arthroscopy                                                                                                                        2 (1.0)                                             0
  Shoulder arthroplasty                                                                                                                   3 (1.6)                                             0
  Shoulder arthroscopy                                                                                                                    4 (2.1)                                             0
  Baseline pain, mean (SD)[^c^](#zoi190017t1n3){ref-type="table-fn"}^,^[^d^](#zoi190017t1n4){ref-type="table-fn"}                                                                             
  At surgical site                                                                                                                        4.3 (3.0)                                           6.2 (3.0)
  Other than surgical site                                                                                                                1.9 (2.2)                                           2.9 (2.5)
  Self-perceived likelihood of developing chronic pain after surgery                                                                                                                          
  Not at all                                                                                                                              49 (26.5)                                           34 (19.8)
  Unlikely                                                                                                                                106 (57.3)                                          108 (62.8)
  Somewhat likely                                                                                                                         27 (14.6)                                           24 (14.0)
  Very likely                                                                                                                             3 (1.62)                                            6 (3.5)
  Self-perceived likelihood of developing chronic pain after injury                                                                                                                           
  More likely                                                                                                                             29 (15.7)                                           29 (17.1)
  Less likely                                                                                                                             156 (84.3)                                          141 (82.9)
  Self-perceived sensitivity to pain[^b^](#zoi190017t1n2){ref-type="table-fn"}                                                                                                                
  More than average                                                                                                                       10 (5.4)                                            22 (13.0)
  Average                                                                                                                                 106 (56.7)                                          94 (55.6)
  Less than average                                                                                                                       71 (38.0)                                           53 (31.4)
  History of unexpectedly long recovery times from injuries in the past[^b^](#zoi190017t1n2){ref-type="table-fn"}                         22 (11.8)                                           35 (20.7)
  Past 30-d prescription opioid use                                                                                                       13 (6.7)                                            21 (11.9)
  Self-perceived likelihood of addiction to pain medication after surgery[^b^](#zoi190017t1n2){ref-type="table-fn"}                                                                           
  Not at all                                                                                                                              99 (53.5)                                           88 (51.2)
  Unlikely                                                                                                                                82 (44.3)                                           65 (38.4)
  Somewhat likely                                                                                                                         3 (1.6)                                             16 (9.3)
  Very likely                                                                                                                             1 (0.5)                                             2 (1.2)
  Opioid Risk Tool score[^e^](#zoi190017t1n5){ref-type="table-fn"}^,^[^f^](#zoi190017t1n6){ref-type="table-fn"}                           1.9 (2.8)                                           2.8 (3.5)
  History of alcohol or drug abuse treatment[^b^](#zoi190017t1n2){ref-type="table-fn"}                                                    4 (2.2)                                             13 (7.7)
  Marlow-Crowne Social Desirability Scale score, mean (SD)[^g^](#zoi190017t1n7){ref-type="table-fn"}                                      20.3 (5.8)                                          20.6 (6.0)
  Barratt Impulsivity Scale score, mean (SD)[^h^](#zoi190017t1n8){ref-type="table-fn"}                                                    68.7 (5.8)                                          68.5 (7.7)
  PTSD Checklist-Civilian Version score, mean (SD)[^i^](#zoi190017t1n9){ref-type="table-fn"}                                              24.0 (8.1)                                          25.7 (9.6)
  State Anxiety Inventory score, mean (SD)[^b^](#zoi190017t1n2){ref-type="table-fn"}^,^[^j^](#zoi190017t1n10){ref-type="table-fn"}        33.3 (10.5)                                         36.4 (11.3)
  Trait Anxiety Inventory score, mean (SD)[^b^](#zoi190017t1n2){ref-type="table-fn"}^,^[^k^](#zoi190017t1n11){ref-type="table-fn"}        31.5 (9.9)                                          34.2 (10.8)
  Beck Depression Inventory-ll score, mean (SD)[^e^](#zoi190017t1n5){ref-type="table-fn"}^,^[^l^](#zoi190017t1n12){ref-type="table-fn"}   8.6 (6.2)                                           10.9 (7.3)
  Euroqol VAS, mean (SD)[^b^](#zoi190017t1n2){ref-type="table-fn"}^,^[^m^](#zoi190017t1n13){ref-type="table-fn"}                          74.2 (18.8)                                         68.8 (18.8)
  Postoperative, median (IQR), d                                                                                                                                                              
  Pain duration                                                                                                                           40.0 (16.0-82.0)                                    92.0 (50.0-234.0)
  Opioid use duration                                                                                                                     12.0 (5.0-32.0)                                     39.0 (21.0-72.0)
  Time to full recovery                                                                                                                   49.0 (24.0-130.0)                                   89.0 (41.0-162.0)

Abbreviations: IQR, interquartile range; PTSD, posttraumatic stress disorder; VAS, visual analog scale; VATS, video-assisted thoracoscopic surgery.

Percentages do not include patients with missing data.

Significant difference between clusters, *P* \< .05.

Significant difference between clusters, *P* \< .001.

Scale range, 1 to 10 (1, no pain; 10, pain as bad as you can imagine).

Significant difference between clusters, *P* \< .005.

Scale range, 0 to 26 (0-3, low risk; 4-7, moderate risk; ≥8, high risk).

Scale range, 0 to 33 (0-8, low concern for social approval; 20-33, high concern for social approval).

Scale range, 30 to 120 (higher scores represent greater impulsiveness).

Scale range, 17 to 85 (higher scores represent more self-reported PTSD symptoms).

Scale range, 20 to 80 (higher scores represent increasing state of anxiety-anxiety in response to a specific situation).

Scale range, 20 to 80 (higher scores represent increasing trait anxiety-propensity to experience anxiety).

Scale range, 0 to 63 (higher scores represent higher depressive symptoms: 0-13, minimal; 14-19, mild; 20-28 moderate; 29-63, severe).

Scale range, 0 to 100 for self-assessment of health (0, worst imaginable health state; 100, best imaginable health state).

Postoperative Acute Pain Cluster Analysis {#H2-6-ZOI190017}
-----------------------------------------

Clusters within each group of pain trajectories were generated using longitudinal k-means clustering. Intracluster variation and intercluster distinctness were maximized for a 2-cluster solution ([Figure 1](#zoi190017f1){ref-type="fig"}), with Calinski-Harabasz scores greater than 300. Cluster success scores remained constant throughout each iteration of the algorithm, indicating consistent success in separating patients into similar groupings. High vs low pain clusters were identified within each category of pain trajectories.

Cox Proportional Hazards Regression and Sensitivity Analyses {#H2-7-ZOI190017}
------------------------------------------------------------

Following cluster analyses, we examined cluster variables as predictors, using Cox proportional hazards regression and stratification by operation. [Figure 2](#zoi190017f2){ref-type="fig"} shows the corresponding Kaplan-Meier curves stratified by pain cluster of the average pain trajectories for all outcomes demonstrating good separation and maintenance of the proportional hazards assumption. Median time to pain cessation in the high- vs low-risk group was 92 days (IQR, 50-234) vs 40 days (IQR, 6-82) (log-rank *P* \< .001). Median time to opioid cessation in the high- vs low-risk group was 39 days (IQR, 21-72) vs 12 days (IQR, 5-32) (log-rank *P* \< .001). Median time to full recovery in the high- vs low- risk group was 89 days (IQR, 41-162) vs 49 days (IQR, 24-130) (log-rank *P* = .01). [Table 2](#zoi190017t2){ref-type="table"} lists the corresponding hazard ratios (HRs) for all outcomes examining the high vs low pain clusters within each pain trajectory category. The high pain clusters within each trajectory category significantly predicted time to pain (eg, high vs low pain cluster of average pain trajectories: time to pain cessation, HR, 0.63; 95% CI, 0.50-0.80; *P*\<.001) and opioid cessation (eg, high vs low pain cluster of average pain trajectories: time to opioid cessation, HR, 0.52; 95% CI, 0.41-0.67; *P* \< .001), but was not a predictor of time to surgical recovery (HR, 0.89; 95% CI, 0.69-1.14; *P* = .89).

![High vs Low Acute Postoperative Pain Clusters of the Average Pain Trajectory and Postoperative Outcomes\
A, Median time to pain cessation in the high- vs low-risk group was 92 (interquartile range \[IQR\], 50-234) vs 40 (IQR,16-82) days. Log-rank *P* \< .001. B, Median time to opioid cessation in the high- vs low-risk group was 39 (IQR, 21-72) vs 12 (IQR, 5-32) days. Log-rank *P* \< .001. C, Median time to full recovery in the high- vs low-risk group was 89 (IQR, 41-162) vs 49 (IQR, 24-130) days. Log-rank *P* = .01.](jamanetwopen-2-e190168-g002){#zoi190017f2}

###### Acute Pain Clusters as Determinants of Remote Pain Cessation, Opioid Cessation, and Full Recovery After Surgery

  Outcome                                                                                                   HR (95% CI)        *P* Value
  --------------------------------------------------------------------------------------------------------- ------------------ -----------
  **High vs Low Pain Cluster of Average Pain Trajectories**[^**a**^](#zoi190017t2n1){ref-type="table-fn"}                      
  Time to pain cessation                                                                                    0.63 (0.50-0.80)   \<.001
  Time to opioid cessation                                                                                  0.52 (0.41-0.67)   \<.001
  Time to full recovery                                                                                     0.89 (0.69-1.14)   .89
  **High vs Low Pain Cluster of Current Pain Trajectories**[^a^](#zoi190017t2n1){ref-type="table-fn"}                          
  Time to pain cessation                                                                                    0.71 (0.56-0.89)   .003
  Time to opioid cessation                                                                                  0.66 (0.52-0.83)   \<.001
  Time to full recovery                                                                                     1.01 (0.79-1.28)   .97
  **High vs Low Pain Cluster of Worst Pain Trajectories**[^a^](#zoi190017t2n1){ref-type="table-fn"}                            
  Time to pain cessation                                                                                    0.69 (0.54-0.89)   .004
  Time to opioid cessation                                                                                  0.57 (0.44-0.73)   \<.001
  Time to full recovery                                                                                     1.04 (0.79-1.36)   .78

Abbreviation: HR, hazard ratio.

Stratification by type of surgery.

Sensitivity analyses examined descriptors of acute pain, including the pain clusters of the average, current, and worst pain trajectories; mean and median of the average, current, and worst pain scores during the first 10 postoperative days; average, current, and worst pain scores on POD 10; and linear slopes of the pain trajectories. [Table 3](#zoi190017t3){ref-type="table"} lists the results of the sensitivity analyses. Overall, worst surgical-site pain over the past 24 hours reported on POD 10 was the best predictor of remote time to pain cessation (HR, 0.83; 95% CI, 0.78-0.87; *P* \< .001), time to opioid cessation (HR, 0.84; 95% CI, 0.80-0.89; *P* \< .001), and time to complete surgical recovery (HR, 0.91; 95% CI, 0.86-0.96; *P* \< .001). Less than 40% of the variance in any given patient's acute pain trajectory was explained by a linear model (average pain slope median *r*^2^ = 0.28, interquartile range \[IQR\] 0.07-0.58; worst pain slope median *r*^2^ = 0.33, IQR, 0.12-0.63; current pain slope median *r*^2^ = 0.25, IQR, 0.07-0.46). The linear slope was the least predictive of pain resolution and opioid cessation but was more predictive than the pain clusters for time to recovery. Additional results regarding optimal cutoff values of the worst pain score on POD 10 are included in the eAppendix in the [Supplement](#note-ZOI190017-1-s){ref-type="supplementary-material"}.

###### Univariate Sensitivity Analyses of Acute Pain Descriptors as Determinants of Remote Pain Cessation, Opioid Cessation, and Full Recovery After Surgery

  Predictor                                                                                             HR (95% CI)        *P* Value   AIC
  ----------------------------------------------------------------------------------------------------- ------------------ ----------- ----------
  **Sensitivity Analysis for Time to Pain Cessation**[^**a**^](#zoi190017t3n1){ref-type="table-fn"}                                    
  Postoperative day 10 pain score                                                                                                      
  Worst                                                                                                 0.83 (0.78-0.87)   \<.001      1843.229
  Average                                                                                               0.81 (0.76-0.87)   \<.001      1855.158
  Current                                                                                               0.87 (0.82-0.93)   \<.001      1872.931
  Worst pain scores over 10 d                                                                                                          
  Median                                                                                                0.88 (0.83-0.94)   \<.001      2061.154
  Mean                                                                                                  0.87 (0.83-0.93)   \<.001      2061.725
  Average pain scores over 10 d                                                                                                        
  Mean                                                                                                  0.87 (0.80-0.95)   .001        2067.125
  Median                                                                                                0.89 (0.82-0.96)   .004        2069.435
  Current pain scores over 10 d                                                                                                        
  Mean                                                                                                  0.91 (0.84-0.99)   .02         2072.804
  Median                                                                                                0.93 (0.86-1.00)   .04         2073.811
  High pain cluster of pain trajectories                                                                                               
  Average                                                                                               0.63 (0.50-0.80)   \<.001      2315.394
  Current                                                                                               0.71 (0.56-0.89)   .003        2320.682
  Worst                                                                                                 0.69 (0.54-0.89)   .004        2321.204
  Linear slope of the pain trajectories                                                                                                
  Worst                                                                                                 0.68 (0.46-1.00)   .05         2325.657
  Average                                                                                               0.70 (0.44-1.12)   .14         2327.304
  Current                                                                                               0.83 (0.54-1.28)   .40         2328.814
  **Sensitivity Analysis for Time to Opioid Cessation**[^**a**^](#zoi190017t3n1){ref-type="table-fn"}                                  
  Postoperative day 10 pain score                                                                                                      
  Worst                                                                                                 0.84 (0.80-0.89)   \<.001      1883.381
  Average                                                                                               0.82 (0.76-0.88)   \<.001      1894.527
  Current                                                                                               0.85 (0.79-0.91)   \<.001      1903.222
  Worst pain scores over 10 d                                                                                                          
  Mean                                                                                                  0.85 (0.79-0.90)   \<.001      2087.508
  Median                                                                                                0.86 (0.82-0.91)   \<.001      2089.049
  Average pain scores over 10 d                                                                                                        
  Mean                                                                                                  0.85 (0.79-0.92)   \<.001      2098.918
  Median                                                                                                0.87 (0.80-0.93)   \<.001      2099.983
  Current pain scores over 10 d                                                                                                        
  Mean                                                                                                  0.87 (0.81-0.95)   .001        2104.030
  Median                                                                                                0.89 (0.83-0.96)   .002        2105.688
  High pain cluster of pain trajectories                                                                                               
  Average                                                                                               0.52 (0.41-0.67)   \<.001      2342.622
  Worst                                                                                                 0.57 (0.44-0.73)   \<.001      2351.640
  Current                                                                                               0.66 (0.52-0.83)   \<.001      2368.149
  Linear slope of the pain trajectories                                                                                                
  Average                                                                                               0.77 (0.47-1.26)   .30         2369.041
  Worst                                                                                                 0.81 (0.55-1.21)   .30         2369.094
  Current                                                                                               0.81 (0.51-1.27)   .36         2369.313
  **Sensitivity Analysis for Time to Recovery**[^**a**^](#zoi190017t3n1){ref-type="table-fn"}                                          
  Postoperative day 10 pain score                                                                                                      
  Worst                                                                                                 0.91 (0.86-0.96)   \<.001      1671.220
  Average                                                                                               0.89 (0.83-0.95)   .001        1672.025
  Current                                                                                               0.93 (0.87-0.99)   .03         1678.362
  Worst pain scores over 10 d                                                                                                          
  Mean                                                                                                  1.01 (0.94-1.07)   .88         1868.195
  Median                                                                                                1.00 (0.95-1.06)   .90         1868.201
  Average pain scores over 10 d                                                                                                        
  Median                                                                                                1.02 (0.95-1.10)   .64         1867.996
  Mean                                                                                                  1.02 (0.94-1.10)   .66         1868.023
  Current pain scores over 10 d                                                                                                        
  Mean                                                                                                  1.04 (0.96-1.13)   .31         1867.194
  Median                                                                                                1.03 (0.96-1.11)   .46         1867.668
  High pain cluster of pain trajectories                                                                                               
  Average                                                                                               0.89 (0.69-1.14)   .36         2066.712
  Worst                                                                                                 1.04 (0.79-1.36)   .78         2067.480
  Current                                                                                               1.01 (0.79-1.28)   .97         2067.559
  Linear slope of the pain trajectories                                                                                                
  Average                                                                                               0.64 (0.37-1.11)   .11         2065.001
  Current                                                                                               0.69 (0.41-1.16)   .16         2065.631
  Worst                                                                                                 0.78 (0.52-1.18)   .24         2066.192

Abbreviations: AIC, Akaike information criterion; HR, hazard ratio.

Stratification by type of surgery.

Modified Poisson Regression Analysis {#H2-8-ZOI190017}
------------------------------------

Because clustering of the average pain trajectories was the best predictor of time to opioid and pain cessation, we compared preoperative characteristics of participants between the high and low pain clusters of the average pain trajectories. There was a low chance of collinearity when examining variables considered for inclusion in the final model (tolerance range, 0.34-0.92; variance inflation factor range, 1.09-2.97). Several preoperative risk factors emerged for categorization to the high acute pain cluster after surgery (eTable in the [Supplement](#note-ZOI190017-1-s){ref-type="supplementary-material"}). These factors included female sex (adjusted relative risk \[ARR\], 1.36; 95% CI, 1.08-1.70; *P* = .008), elevated preoperative pain at the future surgical site (ARR, 1.11; 95% CI, 1.07-1.15; *P* \< .001), a history of alcohol or drug abuse treatment (ARR, 1.90; 95% CI, 1.42-2.53; *P* \< .001), and randomization to active placebo (ARR, 1.27; 95% CI, 1.03-1.56; *P* = .03).

Discussion {#H1-4-ZOI190017}
==========

We identified high vs low pain clusters within trajectories of the first 10 postoperative daily pain scores (reported as average, current, and worst pain) in a mixed surgical cohort. Patients categorized to each of 3 high pain clusters had longer durations of pain and opioid use regardless of the operation performed. Of the high pain clusters, the cluster for the average pain trajectory was the best predictor of time to pain and opioid cessation. Several preoperative characteristics correlated with assignment to the high pain cluster, including worse baseline pain at the future surgical site, a history of alcohol or drug abuse treatment, and randomization to the active placebo group. We also identified a sex difference, noting that women were at increased risk of categorization to the high pain cluster of average pain trajectories, reflective of prior work demonstrating higher pain trajectories in the first 24 hours after surgery.^[@zoi190017r24]^

Previous studies had not identified uniform preoperative predictors of remote pain and opioid cessation after surgery.^[@zoi190017r14],[@zoi190017r25]^ We identified worst pain over the past 24 hours reported on POD 10 as a significant immediate postoperative predictor of remote pain resolution, opioid cessation, and complete surgical recovery. This measure was a better predictor of all 3 outcomes compared with 14 other descriptors of acute pain over the first 10 postoperative days. The simplicity of this measure applied to current clinical practice could possibly facilitate early identification of patients requiring more-intensive, interdisciplinary, postoperative pain management. In addition, decisions to continue or discontinue multimodal analgesia protocols might be aided by this immediate postoperative pain measure. At the present, preliminary evidence suggests that patients with severe postoperative pain and high opioid requirements may benefit from referral to an outpatient, follow-up, acute pain service for facilitation of continued multimodal analgesia, postoperative opioid tapering, and referral for multidisciplinary pain resources.^[@zoi190017r26]^ Our immediate postoperative predictor may facilitate identification and referral of high-risk patients through these transitional pain services.

Our study possesses a number of strengths. In particular, the frequency of assessments provides particular granularity with an association with each outcome. Our outcomes were captured through 19 511 distinct postoperative telephone calls. Also, the extended duration of postoperative follow-up to 2 years after surgery accounted for natural variations in surgical recovery. Rather than relying on assessments at discreet, predetermined postoperative times (eg, 3, 6, 12 months), we captured sustained remission of pain and opioid use. As evidenced by individual pain trajectories, the general assumption that pain intensity decreases linearly month to month does not reflect true day-to-day variation in pain intensity.

Our findings extend previous work examining acute postoperative pain as a predictor of PPSP. Prior work has characterized diverse pain trajectories over the first 6 days after surgery using a linear fit of acute postoperative pain modeling.^[@zoi190017r27]^ In contrast, acute pain trajectories in our work revealed excessive variation over the first 10 postoperative days. Approximating a patient's acute pain trajectory using a linear assumption explained less than 40% of the variance in a patient's trajectory. Thus, we identified a novel technique of patient clustering negating the need for linear model fitting. This approach allows for natural variations in the acute pain trajectory likely resulting from important pain-trajectory mediating events. For example, pain may acutely increase after hospital discharge secondary to increased physical activity, discontinuation of regional anesthetic techniques, or suboptimal analgesic dosing. Thomazeau et al^[@zoi190017r28]^ characterized the acute postoperative pain trajectory over the first 5 days as a predictor of PPSP in patients undergoing knee arthroplasty. Similar to our findings, high and low pain intensity acute pain trajectories were identified, and categorization to the high pain trajectory was associated with nonzero pain intensity 6 months after surgery.^[@zoi190017r28]^ In contrast, prior research reported that pain trajectories over the first 4 postoperative days were not associated with pain intensity 6 months after total hip arthroplasty.^[@zoi190017r29]^ The difference in findings is likely owing to use of growth mixture modeling,^[@zoi190017r29]^ which entails numerous assumptions regarding both within-person and random effects. Thus, results can be sensitive to these assumptions.^[@zoi190017r30]^ Also, assumptions or model fit can be difficult to check. Our work identified high vs low acute pain clusters as predictive of both pain resolution and opioid cessation in a diverse surgical cohort. Given that preoperative opioid use was not associated with categorization to the high pain cluster, it is likely that the high pain cluster is characterizing a unique acute pain response. Our findings add to research examining acute postoperative pain as a predictor of PPSP by not only examining acute pain clustering variables as a predictor of remote pain cessation, opioid cessation, and surgical recovery, but also comparing these variables with many other descriptors of the acute pain trajectory. Contrary to our hypothesis, the acute pain clustering variables were not the superior predictor. Future work to replicate our findings is needed to confirm worst pain reported on POD 10 as a significant immediate postoperative predictor of remote outcomes.

Limitations {#H2-9-ZOI190017}
-----------

Our study has limitations. As a secondary analysis, the data originate from a clinical trial, and future work to replicate these study findings are needed across a variety of surgical cohorts. Although categorization to the high pain cluster of the average acute pain trajectory was predictive of remote pain and opioid cessation, worst pain reported on POD 10 was predictive of all outcomes (persistent pain, prolonged opioid use, and delayed surgical recovery). External validation in separate surgical cohorts is needed to address the possibility of overfitting predictors to this specific cohort of patients. Future studies should seek to replicate the categorization of distinct surgical cohorts into high vs low acute pain clusters and determine the best acute pain predictors of remote outcomes. Also, the trial did not dictate a standard postoperative pain management protocol, and treatment with opioids was not actively discontinued or tapered after surgery. Given the ongoing opioid crisis and efforts to limit opioid prescribing for acute pain, it will be important to validate our findings in future surgical cohorts.

Randomization to active placebo was a risk factor for categorization to the high pain cluster of the average acute pain trajectory over the first 10 postoperative days in our cohort. Contrasting with the original START findings, which did not identify any differences in treatment group on remote pain resolution (5 consecutive postoperative reports of 0 of 10 levels of average pain at the surgical site on the Numeric Pain Rating Scale). Median time to pain resolution in the START was 84 days (IQR, 36-203) in patients receiving gabapentin and 73 days (IQR, 36-231) in patients receiving active placebo.^[@zoi190017r12]^ Only 9.6% of patients who had received gabapentin and 5.6% of patients who had received active placebo had reached pain cessation by POD 10.^[@zoi190017r12]^ Because both perioperative gabapentin and active placebo were administered up to 72 hours after surgery, treatment may have been associated with reducing the intensity of acute postoperative pain during the first 10 postoperative days, affecting categorization to the high vs low acute pain cluster rather than remote pain resolution originally reported in START.

Another limitation of the findings centers on the duration of the immediate postoperative pain trajectories. We arbitrarily examined the first 10 postoperative pain scores. However, it is unclear whether earlier postoperative assessment would allow for similar estimation of the probability of remote outcomes. Future work to determine the critical period for assessment of immediate postoperative pain is needed. If earlier predischarge assessment of worst postoperative pain over the past 24 hours affords comparable predictability of remote outcomes, interventions could be initiated before hospital discharge with closer follow-up of vulnerable patients. Also, earlier assessment would allow for preemptive, predischarge referral to specialist care and transitional pain services.

Conclusions {#H1-5-ZOI190017}
===========

This study's findings suggest that the worst surgical-site pain over the past 24 hours reported on POD 10 was a significant immediate postoperative predictor of remote pain resolution, opioid cessation, and complete surgical recovery months after surgery, and this measure was probably a better predictor of long-term outcomes than 14 alternative descriptors of the acute pain trajectory in our cohort. This measure can be assessed in person or over the telephone to identify patients at high risk for delayed recovery, prolonged opioid use, and PPSP. Future work to replicate these findings is needed to inform clinical care. Ultimately, early identification of high-risk patients would facilitate personalized care with closer follow-up, earlier referral for specialist care, and extension of multimodal pain regimens.
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